Polycrystalline and epitaxial ͑100͒-, ͑110͒-, and ͑111͒-oriented CoPt 3 and Co 0.35 Pt 0.65 films were deposited at various growth rates and over a range of growth temperatures from Ϫ50 to 800°C. Films grown at moderate temperatures ͑200-400°C͒ exhibit remarkable growth-induced properties: perpendicular magnetic anisotropy and large coercivity, as well as enhanced Curie temperature and low-temperature saturation magnetization. Magnetic measurements indicate significant Co clustering in these epitaxial fcc films. These properties are independent of crystallographic orientation, increase with increasing growth temperature, and vanish with annealing. We propose that the correlation between magnetic inhomogeneity, magnetic anisotropy, and enhanced moment is explained by clustering of Co into thin platelets in a Pt-rich lattice. This clustering occurs at the growth surface and is trapped into the growing film by low bulk atomic mobility.
INTRODUCTION
Vapor-deposited Co x Pt 1Ϫx alloys of various compositions have been found to possess perpendicular magnetic anisotropy ͑PMA͒.
1-9 For certain compositions, oriented tetragonal or hexagonal long-range-ordered phases provide an obvious source of this anisotropy. 10 However, PMA also is present in fcc alloys, which should have cubic symmetry, where it appears to be a growth-induced effect, similar to amorphous Tb-Fe alloys. 11 The magnitude of this anisotropy can be quite large, significant fractions ͑ϳ10%͒ of that found in the best Co/Pt multilayers, where the source of the anisotropy is clear. 12, 13 The large PMA combined with large Kerr rotation at blue light frequencies exhibited by Co x Pt 1Ϫx alloys makes this material a possible next-generation magneto-optic ͑MO͒ or perpendicular magnetic recording medium. 2 At high temperature, in equilibrium, Co x Pt 1Ϫx alloys have a face-centered cubic structure for all Co concentrations and are continuously soluble.
14 At lower temperatures, longrange chemical order develops, such that below 800°C, near the Co 0.50 Pt 0.50 composition, Co x Pt 1Ϫx exhibits CuAu-type (L1 0 ) long-range order ͑LRO͒, and Cu 3 Au-type (L1 2 ) LRO below 685°C near the Co 0.25 Pt 0.75 composition. 15 The L1 0 phase has tetragonal symmetry, and there have been observations of a hexagonal LRO phase at the Co 0.75 Pt 0. 25 composition, 16 but the L1 2 phase has cubic symmetry. Note that the L1 2 phase can be regarded as a chemically ordered fcc structure, specifically with Co atoms at the cube corners and Pt atoms at the face centers or, equivalently, with alternating ͑100͒ planes of pure Pt and CoPt. Our measurements have primarily been done on Co 0. 25 Pt 0.75 and Co 0. 35 Pt 0.65 samples. From the equilibrium phase diagram, for temperatures below the liquids, Co 0. 25 Pt 0.75 is structurally ordered ͑fcc͒, but chemically disordered above 685°C and chemically ordered (L1 2 ) below 685°C. The Co 0. 35 Pt 0.65 composition is similarly structurally ordered and chemically disordered ͑fcc͒ at high temperatures, but more complicated at lower temperatures, since it is near the two-phase L1 0 /L1 2 region.
Perpendicular anisotropy previously reported in fcc Co x Pt 1Ϫx thin films has been attributed to various mechanisms, ranging from remnants of oriented chemical LRO in Co 0. 25 Pt 0.75 samples, 4,5 to growth-induced heterogeneity for unspecified reasons, 3 to trapped-in surface phenomena such as surface segregation, 6, 7 to compressive strain due to preferential pair coordination along the ͑111͒ growth direction, 7 to magnetically induced phase separation. 6 We have, however, shown 6 that samples exhibiting the strongest PMA have no LRO. Further evidence will be presented here for the existence of PMA in films with a variety of crystallographic orientations, with no LRO, suggesting that the anisotropy is not linked to the L1 2 or any other LRO phase, but is in fact a growth-induced effect, relatively independent of the underlying crystal structure. Recent work on sputtered samples has also found PMA in Co x Pt 1Ϫx films with no LRO, 8 and even some of the early work supports this conclusion.
2 Through ongoing experiments with Ni-Pt alloys, which show somewhat similar effects, but have significantly lower Curie temperatures, we have also found that magnetic interactions cannot be the underlying cause.
17 Extended x-ray absorption fine structure ͑EXAFS͒ measurements on ͑111͒-oriented Co 0. 25 Pt 0.75 films with PMA show increased Co-Co coordination in plane and increased Co-Pt coordination out of plane, within a fcc lattice, relative to films without PMA; this was suggested to be due to two-dimensional clustering of CO. 18, 19 Angle-dependent magnetic circular dichroism experiments show both an increase and an asymmetry in the magnitude of the Co orbital moment in and out of plane, again for ͑111͒ films, presumably reflecting the source of the magnetic anisotropy. 20 As has been suggested in at least two papers, 6, 7 an incomplete surface segregation which is trapped into the growing film seems a possible, although unproved, source of the anisotropic structure. In equilibrium, Co x Pt 1Ϫx alloys are known to show nearly complete surface segregation. 21 Both the ͑111͒ and ͑100͒ surfaces are terminated with a pure Pt layer with significant Co enrichment of the second layer; this compositional modulation continues for approximately four atomic monolayers with an exponentially damped amplitude. The ͑110͒ surface has the reverse segregation, with the surface layer being Co rich and the second layer being Pt rich, and again an exponentially damped compositional modulation. The ͑100͒ surface undergoes a quasihexagonal reconstruction similar to that observed in pure ͑100͒ Pt. 21 The result of this reconstruction is that the surfaces of the ͑100͒ and ͑111͒ films should have the same symmetry during growth ͑both are triangular nets͒ with only a small difference in surface atom spacing, if the surface maintains an equilibrium structure during growth. This pattern of surface segregation has been observed for both fcc ͑chemically disordered͒ Co 0.2 Pt 0.8 and L1 2 ͑LRO͒ Co 0.25 Pt 0.75 . 21 Note that the segregation means that the surface for all but the ͑100͒ orientation cannot be a bulk termination of the L1 2 phase, suggesting that surface energy dominates the long-range-order energy. Studies of Co monolayers deposited on a ͑111͒ Pt surface show that a stable, two-monolayer-thick, fcc ͑chemi-cally disordered͒ alloy forms after annealing at 375°C; 22 annealing at 630°C results in diffusion of Co deeper into the Pt film. It would appear, then, that surface energetics suppress rather than favor the formation of the long-range-ordered phase in Co-Pt alloys.
In this paper, we report results of polycrystalline and ͑100͒-, ͑110͒-, and ͑111͒-oriented single-crystalline Co x Pt 1Ϫx (xϭ0.25,0.35) alloy films grown at different deposition rates and substrate temperatures. We have performed extensive vacuum annealing studies to explore the equilibrium states of these films. Structural characterization was done on a high-resolution x-ray diffractometer to study the crystal quality and chemical LRO. We characterized M (T) and M (H) at various temperatures, room-temperature torque, and magneto-optic Kerr effect ͑MOKE͒ to measure the Curie temperature, magnetization, anisotropy, and optical properties on samples with the same composition prepared under different conditions.
We find magnetic properties indicative of clustering of Co atoms in all samples with PMA. These properties include M (T), which shows a broad magnetic ordering with a significantly enhanced magnetization onset ͑hundreds of°C͒, and M (H) loops, which indicate inhomogeneity. We also find large enhancements in low-temperature saturation magnetic moments in the samples which exhibit PMA and enhanced magnetization onset, suggestive of large Co orbital contributions. We find that PMA in these Pt-rich Co x Pt 1Ϫx samples is never present at the same time as L1 2 LRO; all samples with PMA are single-crystal fcc as measured by both x-ray scattering and transmission electron microscopy ͑TEM͒. We propose that Co clustering occurs on the growth surface and then is ''frozen'' in the bulk of those samples grown at temperatures for which bulk atomic mobility is low. It is possible that the source of this clustering is related to surface segregation. We suggest that the PMA originates at the Co/Pt interfaces of thin, flat Co platelets in a Pt matrix, similar to the anisotropy found in deliberately prepared Co/Pt multilayers; these platelets would explain not only the anisotropy, but the enhanced magnetic moment and broad magnetic onset with temperature. It is interesting to note that the anisotropy in these seemingly cubic materials, prepared by codeposition, approaches 10% of that found in the best Co/Pt multilayers.
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SAMPLE PREPARATION AND STRUCTURAL CHARACTERIZATION
Epitaxial ͑100͒, ͑110͒, and ͑111͒ Co x Pt 1Ϫx films were grown on ͑100͒ MgO and NaCl, ͑110͒ MgO, and ͑0001͒ Al 2 O 3 , respectively, and polycrystalline Co x Pt 1Ϫx films on amorphous-SiN-coated Si substrates. Samples were grown at deposition temperatures from Ϫ50 to 800°C with xϭ0.25 Ϯ0.02 or 0.35Ϯ0.02 as determined by electron microprobe and Rutherford backscattering. 23 The error represents the variation in composition of different samples rather than the uncertainty in the measurement. The films were deposited from individual Co and Pt sources using electron beam coevaporation. The total deposition rate was varied between 0.012 and 1.5 Å/s. The base pressure of our vacuum system is 9.5ϫ10 Ϫ11 Torr and the pressure during deposition was 3.0ϫ10 Ϫ10 Torr. The film thickness was varied from 300 to 3000 Å and was measured using low-angle x-ray interference fringes. No significant dependence on film thickness was found in any of the magnetic properties. Figure 1 shows high-resolution, high-angle -2 scans about the ͑400͒ x-ray reflections from ͑100͒-oriented Co 0.25 Pt 0.75 films grown at 800 and 400°C. The data were acquired using a four-crystal ͓͑220͒ Ge͔ monochrometer on the incident beam side ͑Cu K␣ radiation͒ and a single ͑220͒ Ge monochrometer on the exit beam side. The film grown at 800°C is chemically disordered (SϽ0.1, where S is the long-range-order parameter͒, indicating that we were able to quench the sample from 800°C to room temperature without developing LRO. LRO was also below the detectable limits (SϽ0.1) in the film grown at 400°C, as it was in all films deposited at temperatures below 550°C. The lattice constants of the films deposited at 400 and 800°C are identical to within 0.03%, and there is no evidence of any kind of distortion or second peak in the reflection from the film grown at 400°C. The greater width of the reflection from the 400°C film is a manifestation of a larger number of structural defects in this film relative to the film grown at 800°C, as will be further discussed below. These defects and lowangle grain boundaries limit the coherence size of fcc domains seen by x-ray reflections ͑e.g., from the width seen in Fig. 1͒ to less than 500 Å.
High-resolution x-ray diffraction measurements of the ͑400͒, ͑333͒, and ͑330͒ reflections from each film, both ͑100͒ and ͑111͒ orientations, show that strain is less than 0.03% in all cases, consistent with previous measurements. 4 There is therefore no significant structural difference in the lattice between the in-plane and perpendicular directions on the length scale measured by x-ray diffraction. Figure 2 shows the full width at half maximum ͑FWHM͒ of the rocking curve about the ͑200͒ and ͑222͒ reflections of the ͑100͒-and ͑111͒-oriented samples, respectively, as a function of substrate temperature during growth. In general, the mosaic spread is a strong function of the growth temperature and we see that down to 200°C the width of the rocking curve increases as the growth temperature is reduced. These rocking curves are also consistent with fcc coherent domain sizes of under 500 Å, limited by structural defects which are seen in TEM. The film grown at Ϫ50°C ͑Ref. 23͒ ͑not shown in the figure͒ has a narrower rocking curve than films grown at 200°C. This is, possibly, a manifestation of reentrant layer-by-layer growth known to occur in vapordeposited Pt films or more likely due to the use in this film of a Pt seed layer deposited immediately before deposition of the alloy.
As noted earlier, Co 0.25 Pt 0.75 has a Cu 3 Au-type (L1 2 ) long-range-ordered phase in which Co atoms occupy the corner sites of a fcc unit cell and Pt atoms occupy the face sites. In our previous work we showed the dependence of the magnitude of the long-range-order parameter S on growth temperature, for the as-deposited Co 0.25 Pt 0.75 films. 6 S is zero for films grown above 675°C, as expected from the equilibrium bulk phase diagram. Below 675°C, S matches the increasing order with decreasing temperature seen in the bulk equilibrium curve down to 630°C. Below 630°C the as-grown LRO falls significantly below the bulk equilibrium value. Estimates of the domain size of the LRO phase based on the width of the x-ray superlattice peaks show that domains are small ͑of the order of 150 Å in the film with maximum LRO͒.
Reflection high-energy electron diffraction ͑RHEED͒ patterns observed during growth of the epitaxial films showed vertical diffraction lines with no sign of rings and low diffuse scattering, indicating good crystal quality for all films even at 3000 Å thickness. Pt seed layers are needed to get epitaxial growth below 200°C. At high temperature, 600°C, where we find the films as-grown possess significant L1 2 LRO, an unreported five-fold surface reconstruction was observed in RHEED. Morphological changes take place in the as-deposited film in the first one to five monolayers of the as-deposited film. The first two monolayers of the film show a spotted RHEED reflection, consistent with extremely flat layers, while subsequent layers yield an image with long, uniform streaks. Atomic force microscopy images of the top surfaces of 3000-Å-thick films show significant roughness and islanding.
EXAFS measurements have been made. Full analyses are not yet completed and will be reported in a future publication. 24 The EXAFS measured on the Co absorption edge shows significant enhancement in in-plane Co-Co coordination numbers for films grown at 400°C, consistent with results by other workers. 18, 19 Out-of-plane coordination was not measured.
Transmission electron microscopy ͑TEM͒ was used to examine the structure of 600-Å-thick ͑100͒ Co 0.25 Pt 0.75 samples deposited on both MgO and NaCl. The NaCl substrates were dissolved in water. The samples deposited on MgO were etched in water at 80°C for a period of approximately 1 week, after which time the sample lifts off the substrate. The disadvantage of this technique is that only very small sample flakes are recovered. Figures 3͑a͒ and 3͑b͒ show bright-field TEM micrographs of ͑100͒-oriented Co 0.25 Pt 0.75 films deposited on ͑100͒ MgO at 400°C and ͑100͒ NaCl at 300°C, respectively. In both cases, the sample is single crystalline as seen from the selected area diffraction patterns ͑SAD͒, shown in the insets. The SAD patterns show that the structure is fcc with a lattice spacing of 3.83Ϯ0.03 Å, consistent with x-ray measurements. LRO peaks ͓e.g., ͑100͔͒ were carefully looked for and not seen. The contrast seen in Fig. 3͑a͒ is from dislocations, likely originating from thermal and lattice mismatch relaxation processes. The tiling seen in Fig.  3͑b͒ is probably the result of growth domains influenced by the surface structure of the NaCl substrate, etched away during ͑TEM͒ sample preparation.
FIG. 2.
Mosaic spread ͑determined by triple-axis x-ray measurements͒ in as-deposited ͑111͒ and ͑100͒ Co 0.25 Pt 0.75 films as a function of substrate temperature during growth. Rocking curves were measured about the ͑200͒ and ͑222͒ reflections of the ͑100͒-and ͑111͒-oriented films, respectively. Mosaicity increases with decreasing growth temperature except for ͑111͒-oriented film grown at Ϫ50°C ͑not shown in figure͒ which was grown on a Pt seed layer and had a mosaic spread of 1.45°. Error bars are smaller than symbol size and are not displayed.
MAGNETIC MEASUREMENTS
We have studied the magnetic transition M (T) in Co 0.25 Pt 0.75 and Co 0. 35 Pt 0.65 samples as a function of growth temperature, using a vibrating sample magnetometer ͑VSM͒. A Pt-Rh thermocouple was mounted directly on the quartz VSM sample rod, and the rod was immersed in temperaturecontrolled flowing Ar gas. Each sample was first technically saturated along the easy axis or plane of magnetization: then, the external field was reduced to 200 Oe and the magnetization was measured upon heating.
In previous work 6 we showed that ͑100͒ and ͑111͒ films of Co 0.25 Pt 0.75 deposited at 700-800°C show a sharp magnetic transition at an ordering temperature of 210°C, as expected for the chemically disordered fcc phase. This result shows that the as-deposited film was successfully quenched from a 700-800°C growth temperature to room temperature and may be thermally cycled up to ͑at least͒ 210°C without significant annealing; annealing experiments described below show that thermal cycling up to 400°C ͑for brief times͒ causes no changes in any of the films described here. Films grown at growth temperatures between 500 and 650°C show a slightly broadened magnetic transition and a lowered onset temperature due to partial LRO. 6, 25, 26 Films grown between 200 and 450°C have a broad magnetic transition and an increased onset temperature ͑by 50-200°C͒. Films grown at low temperature ͑Ϫ50 and 80°C͒ show once again a sharp magnetic transition at the fcc Curie temperature of 210°C. Figure 4 is a plot of the magnetic onset temperature as a function of deposition temperature in as-deposited Co 0.25 Pt 0.75 films for all three orientations. The dependence on growth temperature is the same as was found previously 6 and does not depend on orientation of the film. It also does not depend on the film thickness ͑from 300 to 3000 Å at least͒.
The saturation magnetization M S measured far below T C follows the same trend as the onset temperature in asdeposited Co 0.25 Pt 0.75 samples. 25 Pt 0.75 films deposited at ͑a͒ 400°C on MgO ͑100͒ and ͑b͒ 300°C on NaCl ͑100͒. The selected-area diffraction patterns shown in the insets are from a ͑100͒ pole. The contrast in ͑a͒ is consistent with dislocations. The contrast in ͑b͒ comes from a semiregular rectangular tiling aligned with the ͑100͒ in-plane directions and is probably due to growth domains nucleated on the NaCl substrate.
FIG. 4. Magnetic onset temperature of ͑100͒, ͑110͒
, and ͑111͒ as-deposited Co 0.25 Pt 0.75 films as a function of substrate temperature during growth where onset temperature is defined to be the temperature at which the magnetization rises to 5% of its value at 25°C. The dashed line shows T c for the fcc phase; T c for the fully ordered L1 2 phase is 0°C. Films grown at 80°C and Ϫ50°C were grown on a thin ͑25-50 Å͒ Pt seed layer ͑without which they were not epitaxial͒. Error bars are smaller than symbol size and are not displayed.
nated by uncertainty in the sample volume. In all cases the moment is higher than can be accounted for by the moment typically quoted for the Co ͓(1.74-1.78) B /atom͔; the additional moment for both the fcc and L1 2 phases is traditionally associated with magnetization of the Pt and is larger in the fcc phase ( Pt ϭ0.24 B ) than in the L1 2 phase (0.1 B ). 27, 28 Note, however, that 2.7 B for T S ϭ400°C is considerably higher than is reported for either the fcc or L1 2 phase, even including the Pt enhancements found there; since M S is an average property, the excess is not easily explained. In Co/Pt multilayers, enhancements in the Co orbital moment at the interfaces of 0.07 B have been measured. 29 If we take the maximum of all these values, (1. 20 consistent with our magnetization measurements. We note also the strong correlation of the magnetic onset temperature with increased low-temperature magnetic moments, both in this work and for the literature fcc and L1 2 phases.
Figures 6͑a͒-6͑d͒ are plots of the parallel and perpendicular hysteresis loops measured at room temperature of Co 0.25 Pt 0.75 samples deposited at, respectively, 800, 630, 400, and Ϫ50°C. The samples deposited at 800, 630, and Ϫ50°C all have an easy plane, with an anisotropy field ͑from hardaxis measurements͒ H K р4M S corresponding to shape anisotropy plus ͑for 630 and Ϫ50°C͒ a small intrinsic perpendicular anisotropy. Samples grown near room temperature ͑80°C͒ have M (H) curves identical to that shown for 800°C, with H K ϭ4M S . The 400°C samples shows a perpendicular easy axis, significant coercivity, and remanence in the hysteresis loop. Thin samples ͑300 Å͒ grown at 400°C have similar M (H) curves, with similar coercivity, but the hysteresis loop is more square, giving much higher zero-field magnetic remanence than that seen in Fig. 6͑c͒ significant PMA and enhanced magnetic onset temperature. Samples grown at both higher and lower temperatures show low coercivity, implying a more homogeneous sample.
Similar results are found for Co 0.35 Pt 0.65 . Figure 7 shows the normalized magnetic moment as a function of reduced measurement temperature for ͑111͒-oriented Co 0.35 Pt 0.65 films deposited at 780, 700, 650, 600, and 400°C. As in the Co 0.25 Pt 0.75 samples, the shape of the magnetic transition is sharp and nearly identical for the films deposited at the higher temperatures, but it is notably broader for the film deposited at 400°C. were observed in nearly all films. This may be a consequence of the proximity of these 35 at. % samples to the two-phase boundary. The integrated intensity of these peaks is very small ͑the LRO parameter S is less than 0.1͒.
We measured the perpendicular magnetic anisotropy at room temperature in Co x Pt 1-x alloy films through torque magnetometry. The net anisotropy KЈ was determined using Miyajima's 45°method, 30 and the intrinsic anisotropy K ui is given by K ui ϭKЈϩ2M S 2 . For some samples, with large M, K ui was determined from the M (H) curves using the expression KЈϭ(H K *M S )/2, where H K is the field value at which the magnetization along the hard axis first reaches its saturation value. Torque magnetometry measurements show a large intrinsic perpendicular uniaxial magnetic anisotropy in samples deposited at temperatures from 200 to 450°C with a maximum at 400°C, for Co 0.25 Pt 0.75 . Figure 9͑a͒ shows the intrinsic anisotropy K ui as a function of deposition temperature in Co 0.25 Pt 0.75 samples for the three orientations, as measured by torque magnetometry. The shape anisotropy is less than 15% of the peak perpendicular anisotropy. Figure 9͑b͒ shows similar data for Co 0.35 Pt 0.65 , determined from M (H) curves.
The magnetic ordering onset temperature M (T) curve and anisotropy for ͑100͒ Co 0.25 Pt 0.75 samples grown epitaxially on NaCl were the same as for samples deposited on ͑100͒ MgO, but the coercivity was substantially higher. The higher coercivity is probably due to a higher number of defects at a spacing relevant to domain wall nucleation and pinning ͑hundreds of Å; see Fig. 3͒ in the sample deposited on NaCl, which has a rougher surface than polished MgO.
There is complete correlation between T C and M S enhancements and anisotropy in our Co x Pt 1-x samples. The rise, peak, and rapid dropoff of the anisotropy and of the Curie temperature and low-temperature moment enhancement occur at the same deposition temperatures, independent of crystallographic orientation of the film. Films with perpendicular anisotropy also show significant coercivity, shown in Fig. 6͑c͒ and plotted as a function of growth temperature in Fig. 10 . Unlike anisotropy, however, coercivity depends strongly on orientation and peaks not at 400°C, but closer to 300°C, consistent with results of previous workers on evaporated and sputtered samples. These variations will be discussed further below, but are presumably a result of microstructural differences ͑see, e.g., mosaicity shown in Fig. 2͒ which have a strong effect on coercivity.
Complex polar MOKE spectra ͑polar Kerr angle and ellipticity͒ were measured in air and at room temperature, covering photon energies between 0.8 and 5.3 eV. Fields of ϩ/Ϫ20 kOe, sufficient to saturate the magnetization in the film normal direction, were applied during the measurements ͑see Ref. 31 for more details͒. Figure 11 shows the rotation and ellipticity of the reflected light in the MOKE measurement as a function of energy. We note that all samples have an enhanced rotation at blue light energies ͑ϳ4 eV͒. The homogeneous alloy (T S ϭ800°C) has the largest Kerr rotation ͑a rotation of 0.8°, which is significantly larger than previously measured in either Co 0.25 Pt 0.75 or in Co/Pt multilayers 2 ͒, but has no PMA. The sample with maximum PMA ͑grown at 400°C͒ has considerably smaller Kerr rotation. We note the technologically important result that the sample deposited at 200°C has significant PMA and a Kerr rotation higher than that found in multilayers, combining two important storage medium properties at a relatively low deposition temperature.
We have vacuum annealed films grown at various deposition temperatures at temperatures ranging from 200 to 800°C for times ranging from 1.5 to 500 h. We have found that annealing at temperatures above 400°C drives the samples toward the accepted bulk equilibrium, either the chemically LRO state or the chemically disordered fcc state, depending on the annealing temperature. Specifically, annealing any sample for 100 h at 800°C results in a film with no PMA and a Curie temperature of 210°C, the same as that found in films deposited at 800°C. Annealing at temperatures between 450 and 685°C, the LRO temperature, results in gradual formation of the LRO phase, with a consequent gradual drop in Curie temperature and elimination of PMA.
Annealing at temperatures less than 400°C left the anisotropy, T c , and the shape of the M (T) curve unchanged in all samples. 400°C is close to one-third of the melting temperature of CoPt 3 and, hence, an approximate temperature at which appreciable bulk mobility is expected. At 400°C, we find strong effects of the length of annealing time. Annealing a sample grown at 400°C for 100 h at 400°C results in a 20% drop in PMA and no noticeable change in the onset temperature. A 500 h anneal at 400°C results in the PMA relaxing away, a drop in the magnetic onset temperature, and a sharpening of the magnetic transition. Figure 12 shows the effect of annealing a sample deposited at 400°C at temperatures of 400°C and above. At higher annealing temperatures the anisotropy relaxes away completely and the magnetic onset temperature drops below that of the homogeneous alloy, due to the formation of the LRO phase.
We have also annealed samples deposited at 200, 600, and 800°C at 450°C for 100 h. The sample deposited at 200°C loses its PMA, and the magnetic ordering onset drops to 140°C, while the magnetic transition sharpens. The sample deposited at 600°C, which was partially long-range ordered in the as-deposited state, undergoes the smallest change in Curie temperature. Finally, the sample deposited at 800°C undergoes a 20°C drop in Curie temperature and the magnetic transition slightly broadens, due presumably to development of partial LRO.
We have investigated the effect of deposition rate on the anisotropy and clustering in Co 0.25 Pt 0.75 samples deposited at 400 and 250°C. At 400°C varying the deposition rate by an order of magnitude has no effect on PMA or on the magnetic onset temperature enhancement: samples deposited at 0.15 and at 1.3 Å/s have the same M (T) profile and identical M (H) hysteresis loops at room temperature. For substrate temperatures of 250°C, however, increasing the deposition rate produces a marked decrease in PMA. Figure 13͑a͒ is a hysteresis loop of a Co 0.25 Pt 0.75 sample deposited at a rate of 1.5 Å/s. The perpendicular and parallel hysteresis loops are nearly the same, implying that the intrinsic anisotropy energy is on the order of the shape anisotropy, K ui ϳ6 ϫ10 5 erg/cm 3 . When Co 0.25 Pt 0.75 is deposited at a rate 100 times slower, 0.012 Å/s ͓Fig. 13͑b͔͒, the sample exhibits PMA with a much larger anisotropy energy (K ui ϳ2.6 ϫ10 6 erg/cm 3 ͒. Figure 14 shows M (T) data for Co 0.25 Pt 0.75 deposited at 250°C at three different deposition rates. There is little difference between these three curves: the sample deposited at the slowest rate ͑0.012 Å/s͒ has a somewhat sharper transition than the samples deposited at higher rates, but the magnetic onset temperature is the same in all of the samples.
We have deposited a series of Co-Ag samples at a variety of compositions and growth temperatures between 200 and 400°C to probe Co clustering in an alloy with a positive energy of mixing. Various magnetic behaviors were seen, but no samples showed the broad M (T) curves seen in Co-Pt alloys.
DISCUSSION
Analyses of the magnetic and structural data lead to the conclusion that the Co atoms are clustering in as-deposited samples grown near 400°C despite the fact that they remain structurally single crystal. The broadened magnetic transition seen in samples deposited near 400°C is indicative of inhomogeneity in the sample, while the enhanced magnetic onset ͑200°C higher than either the fcc or L1 2 phases of the same composition͒ indicates clustering of the Co atoms within the alloy matrix. An increased number of Co-Co nearest neighbors leads to a stronger exchange coupling and a higher ordering temperature. A distribution of cluster sizes results in a distribution of magnetic transition temperatures and hence a slowly rising moment with decreasing temperature. Co clustering could also account for the large coercivity seen in these samples and not seen, for example, in the sample grown at Ϫ50°C. The overall shape of the hysteresis loops is explained by well-developed models of stripe domains in materials with PMA, [32] [33] [34] but the significant remanence and coercivity are the result of irreversible magnetization processes and an indication of inhomogeneity of some type. 33 Uniaxial magnetic anisotropy is found in samples that are structurally cubic as seen in x-ray measurements, for all three FIG. 13 . M (H) curves, with H parallel and perpendicular to the film plane, acquired at room temperature for 300 Å ͑111͒ Co 0.25 Pt 0.75 films grown at 250°C at a rate of ͑a͒ 1.5 Å/s and ͑b͒ 0.012 Å/s. In ͑a͒, there is no preference for the moment to lie in or out of plane, meaning that a small intrinsic PMA is balanced by shape anisotropy. In ͑b͒, the easy axis is perpendicular with a large intrinsic anisotropy energy.
FIG. 14. Normalized M (T) measured upon heating in a 200
Oe perpendicular applied field, after magnetically saturating at room temperature, for as-deposited 300-Å-thick ͑111͒ Co 0.25 Pt 0.75 films grown at 250°C at three different deposition rates.
orientations ͓͑100͒, ͑110͒, and ͑111͒ and polycrystalline͔. It is difficult to construct a mechanism of residual LRO which explains PMA in ͑111͒-and ͑110͒-oriented Co 0.25 Pt 0.75 films since the compositional ordering which is the L1 2 phase occurs along the ͑100͒ directions. Furthermore, neither TEM nor x-ray diffraction measurements show LRO in films with PMA ͑e.g., grown at 400°C͒. Measurements of the mosaic spread ͑Fig. 2͒ show no correlation between crystal quality and perpendicular anisotropy. Crystal quality does not begin to appreciably degrade until the deposition temperature reaches 250°C for ͑111͒-oriented samples and never shows a sharp change in ͑100͒-oriented samples, while PMA peaks at 400°C and is found in samples deposited at temperatures up to 450°C.
We suggest that uniaxial anisotropy in this apparently cubic system ͑as measured by x rays͒ is due to the Co clustering discussed above, specifically in the form of Co platelets within a Pt-rich matrix, parallel to the surface. This atomic arrangement results in a structure locally similar to a multilayer, but incoherent across the sample, so that x-ray measurements see only the long-range fcc order. Previous work on Co/Pt multilayers 2,12,13 has demonstrated that clean Co/Pt interfaces are a source of large PMA and that thin layers of Co are required for the moment to be perpendicular. Previous work on ultrathin Co layers grown on Cu ͑Ref. 35͒ has shown that the Curie temperature of ultrathin fcc Co is on the order of 200-400°C between two and three monolayers, similar to what is seen here, supporting the suggestion that the platelets must be thin, pure Co in a Pt matrix.
The strong correlation of enhanced low-temperature magnetic moments with magnetic onset temperature and with perpendicular anisotropy further supports the model of thin Co platelets. To obtain such large values of moment ͑up to 2.7 B for T s ϭ400°C͒ requires both significant Pt polarization and Co orbital moment. This large orbital moment also gives rise to the perpendicular anisotropy, similar to what is found in Co/Pt multilayers, due to Co at the planar Pt interfaces.
Magneto-optic Kerr effect measurements ͑Fig. 11͒ show a strong similarity between the MO spectrum of our most clustered sample ͑grown at 400°C͒ and previously measured multilayers.
2 The MOKE spectrum, particularly near 4 eV, is quite sensitive to the Pt environment due to Pt polarization effects. In multilayers, polarization occurs at the interfaces. In alloys, more Co nearest neighbors cause increased Pt polarization and hence an increased contribution to the MOKE signal. The enhanced Kerr effect at 4 eV photon energies in Fig. 11 for the film grown at 800°C suggests a more alloytype behavior whereas the reduction in our most clustered films points to a two-dimensional-like environment. The magnitude of the 4 eV MOKE signal thus is not simply proportional to the net moment of the sample, which is significantly larger in the clustered films ͑see Fig. 5͒ .
We point out that the magnitude of the PMA, not just its presence or absence, correlates closely with the value of the initial magnetic onset temperature in as-deposited samples. The size of the clustered platelets could be determinative of the onset temperature, while the smoothness of the Co/Pt interfaces determines the strength of the PMA. It is reasonable to postulate that greater Co clustering leads to larger, more defined platelets. This would explain why the onset temperature and the anisotropy increase monotonically with deposition temperature up to 400°C. Annealing and deposition rate may have slightly different effects on the size of the platelets than they do on the smoothness of the interfaces, explaining why, for example, annealing and faster deposition rates reduce anisotropy more quickly than T c onset.
As previously mentioned, the peak in the coercive force occurs at a deposition temperature of 300°C, well below the peak in anisotropy. The coercivity convolves the value of the anisotropy and crystal quality, explaining why coercivity depends more strongly than anisotropy on the film orientation. A sample with more internal dislocations is likely to increase pinning of domain walls. The monotonically increasing mosaic spread with decreasing T S explains why greater coercivity is found in some samples with less anisotropy.
The appearance of Co platelets in a material with a negative energy of mixing ͑favoring ordering, not phase separation͒ is unexpected. We suggest that the Co platelets are a growth-surface-driven effect which disappears with annealing as the sample relaxes toward the bulk equilibrium state. Surface segregation could be responsible for the absence of LRO and could cause Co clustering into platelets for all crystallographic orientations. In the absence of significant bulk atomic mobility, the surface arrangement would be ''frozen'' into the as-deposited sample. Previous workers, including ourselves, have suggested an interplay between surface diffusion and limited bulk atomic mobility as being the driving force in producing perpendicular anisotropy. 3, 6, 7, 19 We were not able to observe direct evidence of platelet formation with TEM. Thin platelets in principle might result in lateral strain variations or periodicities that might be detected in plan-view transmission images or diffraction patterns. However, if they are very thin and there are many overlapping platelets, they would be difficult to resolve.
Annealing experiments, shown in part in Fig. 12 , demonstrate that at temperatures at or above 400°C, anisotropy and clustering relax away into known bulk phases with no PMA. Annealing below 400°C does not affect any of the samples ͑even those deposited at temperatures below the subsequent annealing temperature͒. 400°C is approximately T m /3, where T m is the alloy melting temperature and, hence, is the expected temperature for the onset of significant bulk atomic mobility on laboratory time scales. For growth temperatures above 400°C, we suggest that clustering may still occur at the surface during growth, but is annealed away during the deposition, resulting in the sharply dropping magnetic onset temperatures and the disappearance of PMA seen above 400°C. Our annealing results show that anisotropy disappears much faster than clustering. Viewed in the context of the thin platelet model, this would imply that the Co/Pt interfaces are first disrupted before significant interdiffusion of Co and Pt occurs. It would make sense for the boundaries of the platelets to degrade before the entire platelet mixed into the alloy. Annealing at temperatures even slightly higher than 400°C ͑450°C for 100 h͒ drives samples grown at all temperatures toward bulk equilibrium. The sample with partial LRO in the as-deposited state changes the least, but all samples end up with a lower Curie temperature, indicating the presence of LRO in the annealed samples. The dramatic change seen in the film originally deposited at 200°C and subsequently annealed is probably due to the larger number of structural defects in that sample, which provide annealing channels along which atomic diffusion can proceed faster. It is clear that independent of the initial state of chemical order in the film ͑clustered, partial LRO, or fcc͒, annealing drives the alloy toward the accepted equilibrium state ͑LRO or fcc, depending on temperature͒ and destroys anisotropy.
Chemical LRO is found in as-deposited samples grown only at temperatures between 500 and 685°C ͑the L1 2 chemical order-disorder transition͒. 26, 27 The width of the L1 2 LRO peaks ͑from x-ray diffraction͒ is broad, implying small LRO domain sizes. The domain size calculated from these widths is consistent with the size expected 15 in an initially chemically disordered sample annealed at the growth temperature for the duration of the deposition ͑1.5 h͒. This observation suggests that L1 2 LRO is formed only in the subsurface portion of these samples due to annealing during deposition, due perhaps to surface segregation suppressing LRO at the growth surface.
The deposition rate experiments also suggest that surface atomic mobility determines the amount of anisotropy in asdeposited samples. At 250°C, where significant PMA first appears in the as-deposited samples, slowing the deposition rate ͑thus allowing more time for each new monolayer to access the low-energy configuration͒ results in a significant PMA increase. A possible mechanism explaining this anisotropy increase could be the sharpening of the Co/Pt interfaces. At faster deposition rates the formation of clean Co/Pt interfaces could be kinetically limited, resulting in a loss of anisotropy in the overall sample. It is not clear why the increase of PMA at slower deposition rates is not accompanied by greater clustering, but it is possible that the amount of clustering is less sensitive to surface atomic mobility than is the quality of the interfaces. Varying the deposition rate at 400°C produces no change in the magnetic properties of the sample, possibly because the surface reaches an equilibrium quickly at this temperature.
SUMMARY
We have deposited epitaxial ͑100͒, ͑110͒, ͑111͒, and polycrystalline Co 0.25 Pt 0.75 and Co 0.35 Pt 0.65 films on ͑100͒ and ͑110͒ MgO, ͑100͒ NaCl, ͑0001͒ Al 2 O 3 , and amorphous SiN, respectively, over a range of growth temperatures from Ϫ50 to 800°C at deposition rates from 0.01 to 1.5 Å/s. Films grown at Ϫ50 and 80°C and films grown at or above 700°C are chemically disordered, homogeneous fcc phase. L1 2 long-range chemical order is present in as-deposited films grown at 550°CϽT S Ͻ700°C and reaches its maximum value in those films grown at 630°C (Sϭ0.65); the LRO domain width is small, however. Films grown between 200 and 450°C show dramatic growth-induced properties which vanish with annealing, including an enhanced Curie temperature ͑up to 400°C onset͒ and low-temperature saturation magnetization ͑up to 2.7 B per unit cell͒, perpendicular anisotropy ͑up to 7ϫ10 6 ergs/cm 3 ͒, coercivity, and Kerr rotation. The magnetic properties indicate significant Co clustering, with a magnitude which is perfectly correlated with perpendicular anisotropy and anticorrelated with LRO. We find no qualitative difference in clustering or anisotropy in the three sample orientations: ͑100͒, ͑110͒, and ͑111͒.
We propose that the clustering takes the form of thin ͑two to three monolayers͒ flat platelets of fcc Co within a Pt-rich matrix, caused by aggregation of Co atoms at the growth surface, independent of crystallographic orientation. While there is no direct structural evidence for these platelets, the magnetic properties ͑enhanced saturation magnetization, Kerr rotation, Curie temperature, coercivity, and perpendicular anisotropy͒ are all explained by and consistent with this model. The platelets must be relatively small and incoherent with each other, resulting in x-ray and TEM measurements of a random fcc solid solution. Annealing and deposition rate experiments suggest that the sharpness of the interfaces, which determines the magnitude of the anisotropy, may be more easily destroyed than the platelets themselves. The formation of clustered Co networks on the surface during deposition may be related to the phenomenon of surface segregation. At deposition temperatures below the onset of significant bulk atomic mobility, the growth-surface-driven arrangement of Co clusters is ''frozen in'' by subsequent deposition. Annealing eliminates the platelets, driving the system toward either LRO or a chemically disordered fcc state depending on annealing temperature. Deposition rate experiments point to surface atomic mobility as the determining factor in the amount of anisotropy in as-deposited samples.
